The nucleotide sequences of the 5' and 3' non-coding regions of pepper mild mottle virus strain S (PMMV-S) RNA were determined; they are more like corresponding sequences of tomato mosaic virus (ToMV) RNA than those of any other tobamovirus reported so far. The 5' leader contains a 68 nucleotide guanosine-free sequence which differs in several nucleotides from the corresponding sequences in genomic RNA of tobacco mosaic virus (TMV) and ToMV. The messenger activity of PMMV-S RNA in vitro and the polypeptide translation products made were similar to those of TMV RNA. It therefore seems unlikely that qualitative or quantitative differences in translation in vivo account for the milder symptoms induced by PMMV-S, and its lesser replication, than TMV. The 3' non-coding region of PMMV-S RNA is 199 nucleotides long and can be folded into the same secondary structure as the RNA of other tobamoviruses.
INTRODUCTION
A Spanish isolate of pepper mild mottle virus (PMMV-S), a newly proposed member of the tobamovirus group (Wetter et al., 1984) , was found to be infecting pepper plants which were resistant to tobacco mosaic virus (TMV) and tomato mosaic virus (ToMV) (Alonso et al., 1989) . The symptoms induced by PMMV-S in pepper plants are almost imperceptible until the development of fruit, which is deformed. Furthermore, the local lesions produced in several hypersensitive hosts are smaller and the mosaics induced in systemic hosts are milder than those induced in the same hosts by TMV or ToMV (Alonso et al., 1989) . In addition, compared with TMV, the virus yield in systemically infected plants is lower, necrotic local lesions appear more slowly in hypersensitive plants and coat protein synthesis is lower in infected tobacco protoplasts (I. Garcia-Luque, M. T. Serra, E. Alonso, B. Wicke, M. L. Ferrero & J. R. DiazRulz, unpublished results). It is not known what causes the biological differences described above. Here, we report the primary structures of 5' and 3' non-coding regions of the PMMV-S RNA and compare them with those of other tobamoviruses such as TMV-Ux (Goelet et al., 1982) , TMV-U2 (Garcia-Arenal, 1988; Solis, 1989) , ToMV (Ohno et al., 1984) and cucumber green mottle mosaic virus (CGMMV) (Meshi et al., 1983) . The implications of these findings for pathogenesis and tobamovirus relationships are discussed.
METHODS
Virus sources, propagation, purification and RNA extraction. The origin of PMMV-S has been reported (Alonso et al., 1989) . TMV-U1 was kindly supplied by Dr F. Garcia-Arenal (E.T.S.I.A., Madrid, Spain). TMV-U1 was purified from Nicotiana tabacum cv. Samsun and PMMV-S from N. clevelandii Gray plants by a modification of published methods (Bruening et at., 1976; Fukuda et al., 1980) involving polyethylene glycol-NaC1 precipitation and sucrose gradient centrifugation. The RNAs were prepared by conventional SDS-phenol extraction.
Nucleotide sequence determination. PMMV-S RNA was 3" end-labelled using [5'-3Zp]pCp and T4 RNA ligase (England & Uhlenbeck, 1978) and partially digested either with RNase T1 [1 unit (U)/~tg RNA] in Tris-HC1 pH 7.5, 10 rn~t-MgC12 at 0 °C for 1 h, or with RNase U2 (0.1U/p.g RNA) in 20 mM-sodium citrate pH 3.5, 7 M-urea at 37 °C for 10 min. Sequencing was done using the partial enzymic method (Donis-Keller et al., 1977) as described in Collmer et al. (1983) , and the direct chemical cleavage method (Peattie, 1979) .
For sequencing the g2 fragment, PMMV-S RNA (1 ~tg/ixl) was incubated with RNase T1 (2 U/Ixg RNA) in 20 mM-sodium citrate pH 3.5, 7 M-urea at 55 °C for 10 min. Following phenol extraction and ethanol precipitation, the RNAs were either phosphatase-treated and 3' end-labelled as above or 5' end-labelled with [?_3 zP] AT P using polynucleotide kinase (Chaconas & van de Sande, 1980) . Labelled isolated fragments (Kukla et al., 1979) were sequenced by partial enzymic cleavage digestions.
In vitro translation and product analysis. In vitro translation was in a commercial rabbit reticulocyte lysate (Amersham). K ÷, Mg 2+ and L-[35S]methionine concentrations, incubation temperature and sample treatment prior to electrophoresis in 10~ polyacrylamide gel, were as described by Wilson (1984) .
[3sS]methionine-labelled polypeptides were visualized in dried gels by fluorography (Chamberlain, 1979) .
RESULTS

Nucleotide sequence of the 5' non-coding region of PMMV-S RNA
When PMMV-S RNA was exhaustively digested with RNase T1, it, like RNA of other tobamoviruses (Mundry, 1969; Lloyd & Mandeles, 1970) , yielded a relatively large guanosinefree discrete fragment called ft. The nucleotide sequence of PMMV-S fl ( Fig. 1) was obtained by analysis of 3' or 5' end-labelled fragments that had been partially enzymicaUy digested. It is known that fl is the 5'-terminal leader sequence of certain tobamovirus RNAs (Richards et al., 1977) . The likelihood that the RNase T 1-resistant, 71 nucleotide fragment of PMMV-S RNA is located at the 5' end is supported by the similarity of its sequence to other 5' end leader sequences of tobamoviral RNAs and by its dissimilarity to other parts of tobamovirus genomes. Although the nature of the cap and the first nucleotide were not determined experimentally, we have assumed it to be m7GpppG by analogy with other tobamovirus RNAs (Zimmern, 1975 ; Ohno et al., 1984) . Thus, the PMMV-S RNA leader sequence contains 69 nucleotides.
The gq fragment of PMMV-S RNA, like TMV-Ue f~ (Solis, 1989) , has fewer U residues than the f~ fragment of ToMV (Ohno et al., 1984) and TMV-U1 (Richards et al., 1978) . In TMV-U1 ~, there is an AUU codon at positions 14 to 16, which is possibly a second ribosome-binding site (RBS) (Tyc et al., 1984) located within an eight base direct repeat which is present twice more along this fragment (Fig. 1) . In PMMV-S, the equivalent direct repeat is incomplete but the AUU is present (Fig. 1) . However, it is out of phase (see Discussion) with the first RBS, which is the AUG initiation codon at nucleotides 69 to 71, in contrast with the ~q fragments of TMV-U1, TMV-U2 or ToMV (Fig. 1 ).
In vitro translation of tobamovirus RNAs
No statistically significant differences in messenger efficiency were found between the amount of [35S]methionine incorporated into trichloroacetic acid (TCA)-insoluble material during translation of each PMMV-S RNA and TMV RNA at a range of RNA concentrations between 1 and 120 ~tg/ml, and they seemed to have similar requirements for protein synthesis initiation because the messenger saturation points in the cell-free reticulocyte lysate system were similar for both RNAs, i.e. 20 ~tg/ml (Jobling & Gehrke, 1987) .
To characterize the translation products of PMMV-S RNA, incorporation of radioactivity into TCA-precipitable material was measured at saturating (40 ~tg/ml) RNA concentrations and at intervals after adding RNA to the lysate. The incorporation rates were similar for TMV RNA and PMMV-S RNA (data not shown). The electrophoretic mobilities and relative abundance of the translation products were similar at all of the incubation times tested (Fig. 2) . The two largest translation products of each virus RNA (Mr 183 000 and 126000) which are necessary for normal multiplication of TMV, at least in tobacco plants (Ishikawa et al., 1986) , were produced at the same rate and in similar proportions. Fig. 3 shows the 202 nucleotides at the 3' end of PMMV-S R N A , the 5' end of which is the U A A stop codon of the coat protein gene. The similarities with 3' non-coding regions of other tobamoviruses are 64% with ToMV (Ohno et al., 1984) , 61% with TMV-U1 (Goelet et al., 1982) , 56% with TMV-Uz (Garcia-Arenal, 1988), and 54% with C G M M V (Meshi et al., 1983) , as determined by the program of Wilbur & Lipman (1983) (Fig. 3) . According to the primary sequence data, the last 181 nucleotides of PMMV-S R N A can be folded (Fig. 4) into threedimensional structures like those proposed for other tobamoviruses (Rietveld et al., 1984; van Belkum et al., 1985; Garcia-Arenal, 1988) . The last 106 nucleotides can form a tRNA-like structure which can be charged with histidine (Rietveld et al., 1984; Garcla-Arenal, 1988 UA._~ACAUGAUGGCAUAAAUAAGUUGGACGAACAUUAAACGU* *GUGG* GAG*A*** UAAC U* G*AGUGUUUO*CCC*CCAC UUAAAOCGAAGGGUUGUCGU* 5 t ......... ************************************************************************************************************** 51 ...... UG_~AGGUAGUC*AGAUGCAUA******** ************************************************************** ************************ 51 UA,.~GCUAU*GUUGUGAGAOLIUCCUAAA*****GOC*C****GACUU*--***UUCAG***** *6***************4*********6 *********4 *A***C*A *****A*A ,,***u******.*******,***********.,.,.**********, *******.******** *** ***'**********CA 100 75 50 25 GG~*U~A*~**UU*~*AC~G~G~G~GUGUA~U~G*GAACGA*G~AA*~A*~UC~GG~GU~AAU~C~C~*GA~G~GGG~A~G~*~A 3 I ~*~*~*~*~**~A*~*~U~*~*~*~*~*~*~*~*~'~*~*~*~*~*~ 3' ~*~*~**U~A~u**~*~u~u~A~*~**~*~*~-~'~~*~*~" 3' ~CUGGAU~*UA**~*****~'******A~UAUAC**U*G~AUGG~G~*AA*CA*CG~**A***********~***G~******~***~***~***~** et al., 1984) , TMV-UI (Goelet etal., 1982) , TMV-Uz (Garcla-Arenal, 1988)and CGMMV (Meshi etal., 1983) . The stop codons from the coat protein coding regions are underlined. Symbols are as in Fig. 1 . Indeed, the GUG present at positions 72 to 74 in the antic.don hairpin loop is an antic,don for histidine. The only difference between the likely PMMV-S RNA tertiary structure (nucleotides 1 to 106) and those already described, is two unpaired nucleotides (AC, positions 39 and 40) connecting the aminoacyl acceptor arm to the antic.don arm (see Fig. 4 ; van Belkum et al., 1985; Garcia-Arenal, 1988). The structure shown for nucleotides 109 to 181 perfectly matches the tertiary structure which may be adopted by all 3' non-coding regions of tobamovirus RNAs reported to date. DISCUSSION PMMV-S is another member of the tobamovirus group whose genomic RNA possesses a leader sequence that is devoid of G residues (Fig. 1) and is highly homologous with the ones already reported for TMV (Richards et al., 1977) and ToMV (Kukla et al., 1979; Ohno et al,,  1984) . Because the f~ fragment contains no guanosines, it cannot form a stable secondary structure, a feature which might contribute to the high translational efficiency of these RNAs. In relation to this property, it is known that the f~ fragment of the RNA of TMV-U, can form disomic complexes in both reticulocyte lysates and wheatgerm cell-free extracts by binding at AUU (positions 14 to 16) and at the first AUG codon (Konarska et al., 1981 ; Tyc et al., 1984) . The existence of this possible additional RBS has raised the question of which structural element(s) make this leader sequence behave as a translational enhancer (Gallic et al., 1987) . Based upon the proposed scanning model (Kozak, 1986) ; the positioning of this particular sequence would affect its ability to enhance translation. To determine whether some aspects of the translation of PMMV-S RNA might be altered, we tested the in vitro messenger activity of this RNA in parallel with TMV-U1 RNA in a messenger-dependent rabbit reticulocyte system. Our results suggest that the out-of-frame positioning of both RBSs in PMMV-S f~ does not affect its translational efficiency in comparison with a TMV-U, RNA leader sequence, in which both RBSs are in frame. The second RBS is located within an eight base direct repeat which is present three times in the fJ fragment of TMV-U,. The incomplete nature of the 5'-proximal direct repeat in the PMMV-S f~ fragment does not seem to be detrimental to its translational capability in the rabbit reticulocyte system, as previously found in vivo using plant protoplasts (Gallie et al., 1988) . Moreover, the in vitro translation products of TMV-U~ and PMMV-S genomic RNAs are alike (Fig. 2) , which suggests that the two RNAs are equally stable. These data also suggest that steric hindrance of translation of PMMV-S RNA into the 126K and 183K polypeptides is no greater than that of TMV RNA. Therefore, if that behaviour in vivo reflects behaviour in vitro, the lesser multiplication of PMMV-S than of TMV in plants is not the result of differences in the primary expression of the 5' proximal genes of their genomes.
Nucleotide sequence of the 3" terminal non-coding region of P M M V -S R N A
The last 100 nucleotides of the RNA of tobamoviruses, like that of many other plant viruses, can adopt a tRNA-like structure which is thought to be involved in recognition of the viral replicases, nucleotidyl transferases and aminoacyl synthetases (Haenni et al., 1982; Joshi et al., 1985) . The 3' end of PMMV-S RNA can adopt an L-shaped conformation, and also has a primary structure with a higher ratio of A/U and G/U base pairs to G/C base pairs in the anticodon arm (Fig. 4) than does TMV-U, or ToMV RNA. It remains to be determined whether this or the existence of two unpaired nucleotides connecting the anticodon and the aminoacyl arms, or both, have any influence on the efficiency of initiation of minus-strand RNA synthesis by the viral replicase or are related to the lower replicative capability of PMMV-S RNA compared with that of TMV-U,. A deletion mutant within the highly conserved 3' region of brome mosaic virus (BMV) RNA 3 reduced its accumulation in infected protoplasts relative to the wild-type virus (Bujarski et al., 1986) and an eight nucleotide insertion in the 3' end of poliovirus RNA is known to create a temperature-sensitive mutation, probably due to an alteration of the structure of the viral RNA (Sarnow et al., 1986) .
By comparing the amino acid composition of tobamovirus coat proteins, it is possible to arrange them in a single dendogram, which probably reflects the phylogeny of the group (Gibbs, 1986) . This has shown that the coat proteins of ToMV and PMMV are evolutionarily very closely related; serological studies have also found a close relationship between ToMV and PMMV (Wetter et al., 1984; Alonso et al., 1989) . Thus the close similarity of the 3' terminal noncoding regions of PMMV-S RNA and ToMV RNA confirms the close relationship between the viruses.
A comparison of the structural elements which form the stalk structure of the 3' non-coding region of PMMV-S RNA, and of other tobamovirus RNAs (van Belkum et al., 1985; GarciaArenal, 1988) , shows similarities and differences. For example stem I and stem and segments II and IV of both TMV and ToMV are the same as those of PMMV-S (see Fig. 4 ; van Belkum et al., 1985) . Yet the sequence of the anticodon loop is the same only in PMMV-S, TMV-U2 and CGMMV (Rietveld et al., 1984; Garcla-Arenal, 1988 ). This has evolutionary and functional implications because it is believed that the interaction between this particular region of the RNA and the viral replicase must be mediated by specific signal sequences. Results obtained from studies of BMV replication, where the replicase template activity is eliminated by single base substitutions at the anticodon triplet (Hall et al., 1987) , indicate that the sequence located at this position may be one of the specific binding sites for the viral polymerase(s). It is notable that the loop at the aminoacyl arm is conserved in all tobamovirus sequences known to date and that the entire anticodon loop is shared by three distantly related tobamoviruses, including PMMV-S and CGMMV. Thus, the degree of relatedness among their encoded proteins, which are components of the replicative complex, should be of particular significance in the understanding of RNA-protein recognition in the replication process of tobamoviruses.
